In this paper, experimental and numerical study of drilling of carbon fibre reinforced plastic (CFRP) laminate with aluminium alloy stacks has been carried out. Drilling of these multi-materials is a challenging task to manufacturing engineers because of different mechanical properties of materials. In this work, the impact of the machining parameters on the effect of twist drill and the geometry of double cone drill on cutting forces, holes quality and on CFRP/Al interface have been investigated. From the experimental study, it was found that the double cone drills induce less thrust force compared to the standard twist drill. From the numerical analysis based on the linear fracture mechanics of the CFRP and the plastic behaviour of the aluminium with isotropic hardening, on the one hand, the critical thrust force responsible for the delamination of the last ply as a function of the aluminium thickness has been identified and on the other hand, the maximum thrust force responsible for the interface separation of CFRP/Al has been predicted as a function of the aluminium thickness.
Introduction
Drilling and fastening of the CFRP & metals in one-shot operation reduce manufacturing time in building aircraft structures. The most common problems encountered during automatic drilling of CFRP/metal structures (composite/titanium or composite/ aluminium) are (i) the damage on the composite material due to the interaction between the continuous metallic chips and the surface of the composite material, (ii) the high thrust force induced during drilling can separate CFRP and aluminium plates which contribute to the accumulation of aluminium chip and carbon dust at the interface of CFRP/Al, and finally (iii) the adhesion of the metallic layer on the cutting edge of the tool. LATECIS, a French company in Toulouse, has developed a system called OPERA, which is dedicated for one shot drilling. Ideally the OPERA system is expected to handle high production rates (1 attachment mounted approximately at every 12 s) [1] [2] [3] . The automation of these tasks must also enable greater mounting precision, improved ergonomics, health and safety of the operators, particularly for the new hybrid materials like composite/titanium or composite/aluminium assemblies. Due to the different mechanical properties of materials constituting the hybrid panels, their machinability remains an open problem and can prevent the automation of these tasks.
From the literature, it is found that the composite materials, especially CFRP's are often used to a larger extent due to their downsizing and rightsizing impacts. However, due to their laminated structure and the anisotropy of the carbon fibre reinforced plastics several damage modes are seen during drilling. These damage types are peel up delamination at the hole entry, thermal alteration, fibre pull-out and fuzzing on the wall of the hole, and exit delamination and uncut fibre at the hole exit [4] [5] [6] . Moreover, the mechanism of material removal in composite materials is strongly influenced by the relative angle between the direction of the cutting speed and the direction of orientation of fibre [7, 8] . Sakuma et al. [9] drilled holes by using four drill bit materials and investigated drill wear pattern, flank wear width and cutting forces. Few researchers investigated the effect of tool geometries on drilling of polymer composite materials. Many of the modified geometries (Zhirov point, Brad and Spur, step drill, candle stick, saw drill, etc. (Ref. Fig. 1) ) are difficult to regrind [10] [11] [12] . Krishnaraj et al. [10] drilled composites at high spindle speed and studied the influence of tool geometries. They reported that double cone drill offers better surface finish when compared to standard twist drill and Brad & Spur drill. This result is in good agreement with the work of Zitoune et al. [12] while drilling of carbon/epoxy laminate with different geometries of double cone drills. It was reported that double cone drills with the length of the principal cutting edge is equal to the length of the secondary cutting edge offer lesser thrust force and better surface finish [12] . In addition, the obtained machining quality has been correlated to the morphology of the chips which is mainly influenced by the feed and composition of the thermosetting resin. In fact, the resin which characterises the composite ply contains uniform micro-layer of thermoplastic which leads to improve the machining quality and the formation of continuous chips. With the absence of this thermoplastic layer, the result obtained by Haddad et al. [13] and Ramulu et al. [14] have shown that the amount of carbon dust particles present (between 0.25 lm and 1 lm) in the air are higher. In addition, it was mentioned that the size of most of the particles in the air generated at different cutting conditions (conventional machining or high speed machining) and using different tool geometries are ranging between 0.25 lm and 0.7 lm. These carbon dust particles are not influenced by the wear state of the cutting tool. However, increase in flank wear increases the thrust force and decreases the machining quality [15] [16] [17] [18] [19] [20] [21] . The loss of machining quality can be observed by the appearance of delamination at the hole exit and/or the increased roughness values on the wall of the holes. Cadorin et al. [21] reported that even at high thrust force and wear the presence of the reinforcement in the third direction of the laminate (e.g. composite 3D) resists the initiation of delamination at the hole exit. When 3D composite is drilled even if the thrust force is higher, no delamination was observed at the hole exit for the various tool geometries tested (core drill or three lips twist drill) [22] .
Unlike composite materials, the material removal during machining of aluminium or titanium is mainly induced by shearing phenomena. In the case of drilling of these kinds of isotropic materials, the main problem is the adhesion of aluminium or titanium on the main cutting edges called built up edge (BUE) on the rake face and on the flutes of the drill. In fact, this bonding is responsible for premature wear of the cutting tool for the poor surface finish of the hole and the variations in the diameter of the hole. Several authors showed at low cutting speeds (up to 25 m/min) bonding of aluminium occurring at the rake face and at the main cutting edges [23] [24] [25] [26] . Because of the high adhesion affinity of the aluminium alloy with the drill tool, high feed was used during deep hole drilling of aluminium alloy using MQL (Minimum quantity lubrication) [24] . To improve the drilling quality and efficiency of machining, aluminium alloy nano-coated drills were used [25] . Another way to overcome problems related to the machining of aluminium and its alloys are to increase cutting speeds. However, machining at high cutting speeds (e.g. 300 m/min) cause a significant increase in the cutting temperature (above 300°C). At this temperature, a chemical reaction between aluminium and cobalt occurs to form micro welding of aluminium on the cutting edges of the tool by diffusion.
Additionally, when drilling multi-stacks (e.g. CFRP/Al or CFRP/ Ti), shape of metallic chips and length of the chip passing through the hole as well as built up edges of aluminium (or titanium) at the primary cutting edges combined with increased tool wear affect the hole quality [27] [28] [29] [30] . In this situation, small and broken chips are recommended to obtain better quality of the hole. To break the chips into small segments, authors [1] [2] [3] recommended to use a feed of 0.1 mm/rev and a spindle speed around 2500 rpm, when drilling is conducted with a twist drill of 6 mm diameter. Another solution proposed by the same authors is the use of nano-coating. With nano coating (e.g. nc-CrAlN/a-Si3N4), it has been shown that the roughness of the wall of the hole and the thrust force in the composite were reduced respectively by 30% and 20% during dry drilling of CFRP/Al. In [29, 30] , authors studied drilling of Gr/Bi-Ti in the context of process conditions and cost optimisation. The obtained results show that with the carbide twist drill it is preferable to drill with a small spindle speed (lesser than 1000 rpm) and feed of around 0.08 mm/rev. Numerical prediction of delamination in drilling is reported by few researchers [31, 32] . Drilling of FRP using various geometries and using wide range of spindle speeds have been reported extensively in the literature [33] [34] [35] [36] . Xu et al. [37] reviewed the issues related to drilling of FRP/metal stacks. They concluded that the interface drilling is the complex and challenging task. Acoustic emission signals were used to monitor the position of drill in FRP/metal stack to change the process parameters during drilling [38] . Drilling force and wear phenomena during drilling of FRP/metal stacks were reported by Poutord et al. [39] . Quality of the hole during drilling of metallic/FRP stacks were reported by few researchers [40] [41] [42] . The major issues during drilling of these stacks are tool wear, quality of the machined surface and burr formation between the stacks [43] [44] [45] [46] . Drilling of FRP/metal stacks with high quality is a challenging task [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] . Few papers reported the effect of machining parameters on the hole quality. The major issues during drilling of these stacks are wear of the tool, quality of the machined surface and burr formation between the stacks. The approach towards drilling multi-materials is to increase the tool life and quality of the holes. Among the various tool geometries investigated during drilling of aluminium or composite, double cone drill was found to offer many advantages when compared to the modified geometries. Among the various tool geometries investigated during drilling aluminium alone or composite alone, double cone drill was found to offer many advantages when compared to the modified geometries. Only a few investigations on drilling of CFRP laminates using double cone drill have been reported and no information is available about this kind of tool when drilling FRP/metal stacks. In addition, it is found in the literature that the double cone drills are optimised for drilling of metallic materials (steel or aluminium). However, there is little information about the influence of the geometry of the double cone drill on the quality of holes machined.
In this paper, experimental study on drilling of multi-material made of CFRP laminate with aluminium plate has been carried out. These drilling tests have been conducted using carbide drills (K20) to study the influence of spindle speed, feed and lip length of the double cone drill on cutting forces and quality of holes. The objectives are to identify the better machining parameters and the tool geometry, which are able to machine with respect to the industrial criteria imposed by Latecis Company, France. The criteria set are discontinues aluminium chips, roughness of the wall of the holes has to be lesser or equal to 1 lm in aluminium alloy and 3 lm in the composite part. In order to predict the mechanical behaviour of the CFRP/Al interface vs. the applied load (measured thrust force) and the critical thrust force which can induce delamination of the last ply of the CFRP, two numerical models are proposed. The main goals of this numerical analysis are on the one side, prediction of critical thrust force responsible for the delamination at the exit side of hole as a function of the thickness of the aluminium plate placed beneath the CFRP laminate and on the other side, to investigate the impact of maximum measured thrust force on the separation of CFRP/Al interface as well as the probability to increase the accumulation of the carbon dust at the interface.
Experimentation and procedure

Materials
The multi-material stacks used in this study are composed of composite and aluminium. The composite specimen used in the investigation was 4.2 mm thick. The composite parts are composed of 16 unidirectional plies of 0.26 mm thickness each. The 16 unidirectional plies are made of carbon/epoxy prepregs (T700-M21) manufactured by Hexcel Composite Company. The staking sequence used is of [90/45/0/-45] 2s . These materials were compacted using a vacuum pump in a controlled atmosphere. A mould for the laminate was prepared and placed in a vacuum bagging and evacuated to 0.7 bar (Ref. Fig. 2 ) Curing was then carried out at 180°C for 120 min during which the pressure was maintained at 7 bar in an autoclave. The mechanical properties of the ply T700-M21 are detailed in [31] . The aluminium alloy used in this study is extensively used in the civil or military aircrafts and is referenced as Al 2024. The percentage of alloying elements is as follows: Al 93.5% Si 0.5%, Cu 3.8-4.9%, Mg 1.2-1.8%, 0.1% Cr.
Drilling process
Drilling is carried out on a CNC machine developed by LATECIS Company (Toulouse, France) under the research project OPERA (Automated drilling and riveting of aircraft structures) is shown in Fig. 3a . The acquisition of cutting forces is carried out using a four component Kistler dynamometer shown in Fig. 3b . The dynamometer is connected to a Kistler charge amplifier Type 5019. The output of the amplifier is transformed into a cutting force through a computer that stores the force signals versus cutting time. The CFRP/aluminium panel to be drilled is clamped on a dedicated support (see Fig. 3b ). On the fixture, a hole of 18 mm is machined to allow the drill bit and to prevent the bending of the multi-material. The drilling tests performed are based on full factorial experimental design using three feeds (0.05 mm/rev, 0.1 mm/rev and 0.15 mm/rev) and two spindle speeds (2020 rpm and 2750 rpm).
Values of spindle speeds used in this study represent on the one hand the maximum values available with the machine tool used and on the other hand the limiting values available with automatic drilling unit (electric) commonly used in Airbus. Moreover from the previous studies carried out by the authors, it is found that spindle speed has less effect on the quality of the hole [2] . High spindle speed reduces the life of the drill and not suitable for CFRP. Hence these two spindle speeds (2020 rpm and 2750 rpm) are selected. Table 1 presents the experimental conditions.
Cutting tools
For this work, four batches of tool geometries have been used. The first batch is a set of conventional twist drills referred under the name reference drill. The characteristics of reference drills marketed by French industries for drilling of composite materials for Airbus is presented in Fig. 4a . Other batches of tools are double cone drills. These double cone drills are referenced under the names double cone M1, double cone M2 and double cone M3 for batches 2, 3 and 4 respectively. Double cone drills are easier to regrind when compared to special geometries (Ref. Fig. 1 ). These double cone geometries have been obtained after grinding the reference tools. This grinding operation is achieved using a 5-axis grinding machine. The form of the double-cone tool geometry is represented in the Fig. 4b . The double cone tools measure 90°a nd 132°point angles with cutting edge lengths, namely L1 and L2 (Ref. Fig. 4b ) while L1 represents the size of the principal cutting edge number 1 which is characterised by a point angle of 132°and L2 represents the size of principal cutting edge number 2 which is characterised by a point angle of 90°. The double cone drills tested are ground with different L1/L2 ratios, in which M1, M2 and M3 are characterised by the L1/L2 ratios of 0.33, 1 and 3.1 respectively. All the drills tested have a 6.35 mm of diameter made of tungsten carbide (K20). The details about the geometry of the reference drill and the double cone drills are summarised in the Table 2 . Each experimental condition was repeated 5 times in order to get consistent values. To remove the influence of tool wear, each experiment was performed with a new drill. The quality of the machined surface (wall of the hole) is quantified using the SEM observation and the surface roughness systems (with and without contact). For the 3D surface topography of the wall of the holes, a 3D optical profilometer has been used. The parameter Ra which characterises the surface roughness of the hole was measured by the Mitutoya SJ 500 roughness tester with a sampling length (cut-off) of 0.8 mm. In case of CFRP, the length of measurement through the hole was 4 mm (0.8 Â 5 = 4 mm) and for the aluminium, the length of measurement through the hole was 2.4 mm (0.8 Â 3 mm). Finally to analyse whether delamination is present or not at the exit side of the hole of CFRP plate, an X-ray micro computed tomography was carried out by using Micro-Tomography Easy Tom 130 machine. The X-ray voltage and current were set as 130 kV and 300 mA respectively. Fig. 5 represents the evolution of the average values of the thrust force recorded in the composite and in the aluminium as a function of feed rate, for different geometries tested. From these average values of forces, it can be observed that drilling of composite material with the reference tool induces a higher thrust force compared to the double cone drills (Ref. Fig. 5a ). For example, when the feed is increased from 0.05 mm/rev to 0.15 mm/rev, drilling with the reference tool generates higher thrust force and increases from 80 N to 123 N. However, when the double cone drills are used at the same machining parameters, the generated forces are lesser compared to those generated with the reference drills. In addition, the thrust force generated by the double cone drills in the composite material decreases while L2/L1 ratio of the tool increases (15%-30% lesser). This can be explained by the fact that by adding a secondary point angle of 90°reduces the theoretical average chip thickness by 15%. It is also well established in the literature, that (orthogonal cutting on unidirectional composite material) increasing depth of cut (chip thickness) leads to an increased cutting forces. It can be mentioned that during machining with a twist drill, the contact between the surfaces of CFRP and point of the tool projected is more compared to the one between the CFRP and the double cone drills. In addition, this surface contact decreases when the L2/L1 increases. In this case, the frictional forces can also be decreased with the increase of the L2/L1 ratios. In fact, this can be explained based on the reduction of the thrust forces in the composite when the double cone drills with high values of L2/L1 ratios (double cone drills M2 and M3) are used. It is important to note that these results are in good agreement with those observed when drilling of CFRP composite with double cone drills [12] .
Results and discussions
Experimental results
Analysis of cutting force
When the tool starts to machine the aluminium part, the thrust force generated raises steeply to all the tools used at any feed selected. In addition, the form of force signal is similar to those presented in the literature [1] [2] [3] [28] [29] [30] . However, it seems that the average values of the recorded forces are influenced by the tool geometry (Ref. Fig. 5b ). From the Fig. 5b , it is observed that when the feed is varied from 0.05 mm/rev to 0.15 mm/rev while the standard twist drill (reference drill) is used, the thrust force increases by 158% (with the maximum value of 481 N). When the double cone drills of M2 and M3 are used, similar results are also observed in the evolution of thrust force values compared with the reference drill. However, with the same machining parameters, when the double cone drill M1 is used, it is clear that the recorded forces in the aluminium are inferior to those obtained with the reference drill or the double cone drills of type M2 and M3. In order to understand the influence of the machining and tool parameters on thrust forces, ANOVA technique has been used (Ref Tables 3 and 4 ). Table 3 presents the effect of various parameters on thrust force during drilling of aluminium alloy. It is found that the ratio of L2/L1 is having less effect on thrust force (2% only). However, this parameter has higher influence while drilling CFRP laminate. It is also found that feed rate has the higher influence on thrust force in both aluminium and CFRP (% of contribution in aluminium is 96% and 83% in the CFRP).
Machining quality
Figs. 6 and 7 represent the effect of drill geometry on surface finish at various feed rates for a spindle speed of 2020 rpm in the CFRP and aluminium respectively. Experimental results reveal that at a low feed rate (<0.1 mm/rev), the quality of the machined surface is better for all the drills used. In this case, the measured roughness values are smaller (<3 lm). Further, it can also be observed that for all machining parameters used the values of the surface roughness obtained with the reference tool are higher when compared to those obtained with double cone drills. This difference can be linked to the interaction between the size of the chip thickness and the point angle of the drill. Refer to the results obtained by [12] when drilling is carried out with the double cone drills and reference drill of composite alone, it has been shown that double cone drills offer better surface finish compared to the reference drill. The work of Zitoune et al. [2] suggests that double cone drills favour the formation of continues chips (better than reference drill) during the drilling of aluminium. For this reasons, lesser roughness values are obtained on the wall of aluminium holes when drilling is carried out by using double cone drills compared to the reference drill. While drilling aluminium with twist drill, the roughness measured on the wall of the holes are higher with the higher feed rate. In addition, by increasing the length of the secondary cutting edge of the double cone drills, the chip thickness can be reduced to improve the machining quality in the aluminium plate (Ref. Fig. 7 ). Except the double cone drill type M2 in the CFRP, the roughness increases with the increase in L2/L1 ratios. These results can also be confirmed by the topographies of the wall of the holes in CFRP after drilling with reference drill and the double cone drill M2.
From Fig. 8 , it is noticed that for the entire tools used in CFRP, the defects in form of fibre pull-out and resin degradation is observed on the plies oriented at À45°(or 45°). However, the depth and the width of these defects are higher when the reference drill is used compared to the double cone drill M2. This can be explained by the interaction between the aluminium chips and the fibre pull-out generated during the first phase when the cutting edges of the drill were in contact with the composite plies for the chip formation. This also explains why the roughness obtained with the reference drill at 0.05 mm/rev (Ref. Fig. 6 ) is higher to the one obtained with the double cone drill type M2.
Mainly, drilling with double cone drill type M2 give better machining quality. Especially, drilling at feed rate of 0.1 mm/rev using the double cone tool (M2) offers a small roughness values in the composite and aluminium holes (roughness in the CFRP inferior to 3 lm and in the aluminium inferior to 1 lm). In addition, drilling at a feed rate of 0.1 mm/rev favours the generation of discontinuous aluminium chips (Ref. Fig. 6 ). The stable surface roughness values beyond 0.1 mm/rev could be due to the wiping effect of the primary cutting edge 2. It is important to mention that drilling with a small feed rate (0.05 mm/rev) favours the generation of continues chips for all tools used. With these continuous chips, two problems have been observed when the OPERA system is used. The first problem is the interaction of the aluminium chips with the composite plies, leads to the degradation of the first ply of the CFRP part located at the hole entry and also increase in the size of fibre pull-out on the wall of the hole (Ref. Fig. 8 ). The second problem is associated to the vacuum system. During drilling with the OPERA system, it was observed that with the presence of continues chips, the efficiency of the vacuum system is reduced. In this case, the dust quantity in the air increases, which can be harmful to the health of the operator of the machine. For these reasons, the better solution is to use a feed rate of 0.1 mm/rev, because the aluminium chips are broken and also satisfies the quality of the holes represented by the industry (small roughness and no delamination). At this feed rate, the thrust force is higher (350 N), and during continuous machining because of the wear of the tool this force can double or triple. By knowing the critical thrust force, on the one hand delamination of the last ply may be controlled and on the other hand when the tool start to drill the interface of CFRP/Al, this force may create deflection. Moreover, with the separation of the CFRP/Al interface, the dust particle can accumulate between the stacks and this may impose additional effort to clean the interface before inserting the rivet or the bolt. In fact, the time of manufacturing increases dramatically. For this reason, two numerical models are proposed in order to predict the critical force responsible for 
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Brocken chips Fig. 6 . Evolution of the roughness in CFRP vs. feed rate for reference and double cone drills (spindle speed of 2020 rpm). Fig. 7 . Evolution of the roughness in the aluminium vs. feed rate for reference and double cone drills (spindle speed of 2020 rpm). delamination at the hole exit and the one responsible for the separation of the interface. Table 5 summarises the results observed during drilling of CFRP/Al stacks.
Numerical study
Description of the numerical models
To analyse the impact of the highest measured thrust force with the reference drill (twist drill) on the delamination at the exit side of hole and to identify the behaviour at the interface of CFRP/Al, two numerical models are proposed. The numerical model is a 3D model based on the use of 3D volume composite elements for the carbon/epoxy plate and 3D volume elements for the aluminium plate. In the first model, which leads to predict the delamination at the hole exit, one ply under the tool is considered. In this case, contact between tool and CFRP is modeled as a uniformly distributed load located below the chisel edge of the tool (Ref. Fig. 9a ). In addition, a pre-crack with a size of 0.05 mm is considered at the vicinity of the chisel edge. The critical thrust force responsible for the delamination of the last ply is related to the critical energy release rate in mode I and mode II of the CFRP composite laminate. In fact, when the energy release rate in mode I and in mode II predicted by the model satisfy, the criterion mentioned by the equation 1, the applied force corresponds to the critical thrust force.
where:
-G I : energy release rate in mode I predicted by the model. -G II : energy release rate in mode II predicted by the model.
-G Ic : energy release rate in mode I which characterises the interface of the material. -GI Ic : energy release rate in mode II which characterises the interface of the material.
a: constant which depends on the nature of the CFRP (here a = 1.6).
The coefficient ''a" being an empirical parameter derived from the best fit to data from mixed mode tests. ''a" is generally in the range of 1-2 [48, 49] . In this study, the value of ''a" has been taken based on the previous work of the authors [31] . More precisely, this value is equal to 1.6 as identified by Lévêque [48] for the same material. The second model is proposed in such a way that the chisel edge is in contact with the aluminium. For this, the contact between tool/multi-stacks is considered only between the chisel edge of the tool and the aluminium part (Ref. Fig. 9b ). In this case, the deflection of the aluminium part below the chisel edge of the tool is analysed by considering load below the chisel edge. The contact condition between the tool and the aluminium is considered as a uniformly distributed load with a circular surface area occupied by the chisel edge of the tool (1.2 mm) . The amplitudes of the applied force are representative of those measured when the drill is fresh and when the tool is considered worn. For the both proposed models, the mechanical behaviour of the aluminium part is considered as a classical plastic with isotropic hardening. This law is described in the work of Peech et al. [47] . Fig. 10 represents the evolution of the energy release rate in mode I for different level of force. It is clear that with the increase of the applied force, the computed energy release rate in mode I and mode II increase. For example, when the applied force varies from 100 N to 600 N, the energy release rate in mode I varies from 0.01 N/mm to 0.25 N/mm. These values remain inferior to the critical value when compared to the interface strength of the composite plies which is 0.4 N/mm. This can be attributed to the aluminium plate located at the bottom of the CFRP laminate, which block the bending of the uncut layer of the CFRP and also the propagation of the crack. These results can be confirmed when the aluminium plate thickness is reduced. In fact, when the aluminium part has a thickness of 1 mm with an applied axial load of 400 N, the critical energy release rate in mode I reach the critical value and the delamination can occur (Ref. Fig. 11 ). The critical thrust force identified previously on the same composite during the quasi-static punching tests using twist drill show that the delamination of the last ply under the tool can occur when the critical thrust force reach a value of 395 N [31] . This result confirm that for a thickness of aluminium part less than or equal to 1 mm the bending stiffness (of the aluminium) is low and can't influence the critical thrust force responsible for the delamination of the last ply of the composite. In the Fig. 12a and b, cartographies of displacements ((OZ) direction) are illustrated for the applied load of 400 N and for two thicknesses of the aluminium part which are 3 mm and 1 mm respectively. The applied force of 400 N corresponds to the critical value responsible for the delamination of one ply under the tool when drilling of the same material. This force has been identified in the previous study [31] . From these two cartographies of displacement, it is clear that when the thickness of the aluminium part is inferior or equal to 1 mm, the applied load induces a local bending of the aluminium plate which favours delamination at the hole exit (Ref. Fig. 12a ). However, with the increase of the thickness of the aluminium part, the deflection phenomena is less pronounced or inexistent (Ref. Fig. 12b ). Thereby, this can remove the probability of the delamination at the hole exit.
Numerical results
When the active part of the drill reaches the interface of CFRP/ Al, the analysis of the CFRP/Al interface shows that for an applied force of 160 N and when zero ply under the tool is considered a The maximum size of this opening is around 0.23 lm when the applied load is equal to 160 N (Ref. Fig. 13a ). However, when the load reaches 400 N (feed rate of 0.15 mm/rev), the size of this opening increases to 0.38 lm (Ref. Fig. 13b ). Haddad et al. [13, 14] reported that when machining T700/M21 carbon/epoxy composite material, the major particles generated by the end milling have a size of around 0.45 lm. In this case, when the applied load is around 400 N, the carbon dust cannot pass through the CFRP/Al interface. Therefore, even in the most unfavorable situation (high feed rate and thrust force), it is not necessary to separate the parts (CFRP and aluminium) in order to clean the interface before to put the rivets. However, if the thickness of the aluminium plate is around of 1 mm, the maximum size of this opening is around 1.23 lm when the applied load is equal to 160 N (Ref. Fig. 13c ). In fact, in this situation the set up of the parts separation is necessary in order to clean the interface before to put the rivets. It is important to note that the results of the thrust force measured using the Kistler dynamometer during drilling does not show any drop in the thrust force when the chisel edge reaches the CFRP/Al interface for both small and high feed rates. This may be confirmed by the fact that the predicted forces for delamination are higher compared to the measured forces for the feed rates and for the geometry of the twist drill used. In addition to this, the X-ray tomography did not show any delamination defect at the exit side of the hole even for higher thrust force (Ref. Fig. 14a ). However, by increase of the feed rate to 0.15 mm/rev, fibre pull-out and matrix degradation is observed (Ref. Fig. 14b ).
Conclusion
In this paper, the impact of machining parameters and the design of double cone drill on the cutting forces and the machining quality while drilling a multi-stack material made of CFRP laminate and aluminium plate have been investigated. From the experimental and numerical analysis carried out, the following conclusions are drawn:
From this experimental and numerical study, it can also be concluded that the use of aluminium as back plate for CFRP delay the delamination at the hole exit of the CFRP. However, when a thin aluminium plate is used (61 mm), it's influence is negligible on the critical thrust force. The feed rate and the drill diameter seem to have an effect on chip breakability because of the increase in cross sectional area of chip whereas effect of spindle speed seems to be smaller. In the drilling operation, small well broken chips are desirable to break the chip of aluminium preferable spindle speed and feed rate seems to be 2020 rpm, 0.1 mm/rev and above [2] . When drilling is carried out using double cone drills, the thrust force measured in the CFRP are lesser compared to the thrust force measured in drilling of CFRP with the standard twist drill. Moreover, when the double cone drill M3 is used, the thrust forces measured in the aluminium are lesser compared to those generated when the twist drill and the other double cone drills (M1 and M2) are considered. Thereby, the design parameter of double cone drill recommended for isotropic material (double cone drill M3) cannot be directly used when drilling of CFRP or CFRP/Al [50] .
When the machining is carried out using the double cone drill M2, the measured average roughness ''Ra" values in the CFRP and in aluminium obtained are lesser to those obtained with the twist drill and the other double cone drills (M1 and M3). In addition, drilling with the double cone drill M2, feed rate of 0.1 mm/rev and 2020 rpm generates discontinuous aluminium chips and surface roughness in the aluminium and CFRP are below 1 lm in the aluminium and lesser than 3 lm in composite. It is a favourite condition in drilling of multimaterials. Thrust forces generated by the different drills are small compared to the one responsible for the delamination at the hole exit. In addition, as the thickness of the aluminium plate remains inferior to 2 mm, the size of the opening at the interface (CFRP/Al) predicted numerically and for any drills used is smaller compared to the dust size generated by the mechanism of material removal [13, 14] .
Finally, using the double cone drill type M2 with OPERA system when drilling was carried out at a feed rate of 0.1 mm/rev and spindle speed of 2020 rpm, one shot operation is made possible by getting discontinuous chips in aluminium and surface roughness Ra < 3 lm in composite and Ra < 1 lm in the aluminium. 
